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Introduction 
 
Source water protection assessments provide information about potential contamination risks to 
drinking water supplies in a watershed.  They may be done initially to characterize the drinking 
water contamination risks in the watershed.  They may also be done to inform planners about the 
potential impacts of development and changes in watershed activities.  This information may be 
used by watershed managers to rank risks and to prioritize activities that will protect the drinking 
water supplies.  Protective measures may be expensive.  Land use restrictions to protect water 
quality can extensively alter the potential for development of private property and diminish 
property values.  These potential impacts of management make it very important that source 
water assessments correctly identify potential risks and present a scientifically credible 
evaluation of the magnitude of the risk so that the monetary and social costs of protective 
management can be minimized.  Simultaneously, management activities must effectively protect 
public health.  It is vital that sound scientific principles are used to direct the assessment 
approach and that arbitrariness is avoided.  It is also important that the assessment be completed 
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in a timely way and that the costs of the assessment are reasonable.  To control costs, available 
information should be used and the need to collect new data should be minimized.  Assessment 
tools are needed that will help watershed managers appropriately apply the scientific principles 
of pollutant transport while maximizing the use of available information. 
 
A computerized source water assessment tool has been developed to assist drinking water 
watershed managers in assessing the susceptibility of drinking water supplies to pollution from 
current and future activities in the watershed.  The tool provides visualization of the locations of 
potential pollution sources and pathways that pollutants may follow.  Principally, it provides 
exploratory modeling to assess pollution susceptibility so that detailed analysis can be 
prioritized.  The tool development has focused on providing assistance with the pollutant source 
inventory process, on modeling surface runoff and stream flow processes, on ground water flow 
and on the fate and transport of pollutants related to these processes.  The surface water pollutant 
transport model is called the Utah Pollutant Transport Model (UPTraM).  The details of the 
development of the pollution source inventory portion of the tool and UPTraM were described in 
the FY 2000 and FY 2001 annual reports.  Moncur (2002) also described the development of the 
source inventory system, UPTraM, and the associated graphical interface for the assessment tool.  
Gogate (2004) described ground water modeling components of the tool. 
 

The Source Inventory and Other Data 
 
The source water protection assessment tool includes a potential pollution source inventory 
database and a pollutant chemical properties database.  A database of information for model 
operations (e.g., digital elevation models (DEM), river reaches, land use, etc.) is also provided.  
A graphical user’s interface (GUI) and models to simulate the transport and fate of water-borne 
pollutants form the core of the tool.  Figure 1 illustrates the relationship of the major components 
of the assessment tool.  The tool provides assistance in finding the appropriate data for the 
potential source inventory and transport modeling. 
 
The watershed inventory is a user input database of the current and/or future potential 
contamination sources within the watershed.  A quick-reference database of chemical properties, 
including toxicity information, is provided to help the user identify and prioritize potential 
pollution sources  The chemical properties within the quick-reference database are physical and 
chemical properties for EPA’s National Primary Drinking Water Regulation listed compounds 
(USEPA 2003). 
 
Ranges of loading rates for total and fecal coliforms and nitrogen and phosphorus are also 
available in the database.  Geographical information system (GIS) land use coverages that 
delineate urban and agricultural land use practices may be used with loading rate data to evaluate 
pathogen risk, as indicated by coliforms, from urban runoff, animal feeding operations, and 
pastures.  Potential nutrient inputs to reservoirs may be estimated using the nutrient loading data.  
Land use coverages may be available from state natural resource management or environmental 
protection agencies or the National Land Cover Dataset (NLCD) 
(http://edcwww.cr.usgs.gov/programs/lccp/nationallandcover.html).  In Utah, land use data for 
much of the state is maintained by the Department of Natural Resources, Division of Water 
Resources. 
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Figure 1. Source Water Assessment Tool schematic. 
 
 

The Graphical User’s Interface (GUI) 
 

The GUI for the tool facilitates the operations of the databases and the various models that make 
up the tool.  The current, fully functional components of the GUI support the databases, the 
surface water transport model, and the ground water models.  The components of the surface 
water protection assessment tool are: (1) the main GIS graphical interface, (2) the GIS coverage 
project builder, (3) the potential contaminant source (PCS) inventory data management utility, 
(4) the transportation accident data form, and (5) the pollutant transport and 
degradation/volatilization analysis model, UPTraM. 

 
Figure 2 shows the source water protection assessment tool MapWindow graphical interface for 
surface water transport.  The GIS coverages shown in Figure 2 are a grid DEM, an animal 
feeding operation inventory shape file, an above ground tank inventory shape file, and a contents 
panel on the left but are not active watershed boundary shape file (green).  Other GIS datasets 
that are included in the table of in contents panel on the left but are not active this display are the 
annual average precipitation grid, a major roads shape file, an EPA level 3 river reach shape file, 
and several accident scenario shape files. 
 
The program guides the user to input the required GIS data sets for use in UPTraM.  The data 
sets that must be input are: a grid DEM, a precipitation grid, a river reaches shape file, a 
watershed boundary shape file, and a land use grid.  The land use grid needs to be condensed into 
the five general land use groups to be used by the tool, namely (1) water, (2) urban, (3) pasture, 
(4) non-pasture agriculture, and (5) rangeland/forest areas.  The user selects the GIS coverage 
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Figure 2. The MapWindow graphical interface for surface water transport. 
 
 
that is going to be input and the program prompts the user with another form that allows the user 
to browse the computer hard drive for the desired information.  The inventory requires the user 
to input PCSs for geographical placement within the watershed and associated chemical property 
information from the quick-reference database.  There are eight different PCS types that can be 
inventoried.  These different PCS types are: 
 

1. Above ground tanks 
2. Underground tanks 
3. Animal feeding operations 
4. Transportation accidents 
5. Landfills 
6. Superfund sites 
7. Chemical Companies 
8. Hazardous waste sites. 

 
The Surface Water Transport Model, UPTraM 

 
The surface water transport model is a risk-ranking assessment tool that models source water 
protection scenarios without using arbitrary protection zones.  The tool has been created using a 
GIS framework.  The user has the option of incorporating fate processes such as volatilization of 
organic pollutants and dieoff of fecal indicator bacteria into transport simulations. 
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The development of GIS and DEMs has provided an unprecedented opportunity to describe the 
pathways of water movement in a watershed.  Visualization of the locations of PCSs relative to 
stream locations and topography within a watershed along with the possible route or routes of 
pollutant transport provides watershed managers with insight that can help in the risk ranking 
process and in selecting or designing pollution control mechanisms.  GISs provide an elegant 
mechanism for displaying this kind of information as well as facilitating models for routing 
water and associated pollutants through the watershed to the drinking water treatment plant. 

 
DEM databases for the United States provide data that allows the extraction of drainage 
networks from the DEMs (Band 1986; O'Callaghan and Mark 1984).  Topographic structure, 
watershed delineations, and overland flow paths derived from DEMs can be transferred to a 
vector-based GIS for further analysis.  Garbrecht and Martz (1997) (Garbrecht and Martz 1997) 
have developed a procedure for assigning flow direction over flat surfaces in raster DEMs.  
TOPMODEL (Beven et al. 1995; Beven and Kirkby 1979) used DEM topographical information 
in the simulation of runoff from natural watersheds and from agricultural watersheds with tile 
drain systems (Kim et al. 1999) 
 
Tarboton (1997) developed a procedure for the representation of flow direction and calculation 
of upslope areas using rectangular grid DEMs.  Rather than representing flow in one of the eight 
possible directions from a grid cell to an adjacent or diagonal neighbor (D8) this procedure 
represents flow direction as a vector along the direction of the steepest downward slope on eight 
triangular facets centered at each grid cell.  An infinite number of flow directions, represented as 
an angle between 0 and 2π are possible, so this procedure is named D∞.  Flow from a grid cell is 
shared between the two, downslope grid cells closest to the vector flow angle based on angle 
proportioning.  Drainage area is accumulated using this model that has two flow paths from each 
grid cell based on the angle proportions.  This procedure has been included in the Terrain 
Analysis using Digital Elevation Models (TauDEM) software (Tarboton 2000; Tarboton 2002) 
that is used as a basis for the surface water protection assessment tool developed here.  Overland 
flow and the transport of contaminants simulated in the assessment tool are routed using the D∞ 
surface flow model.  Much of the information necessary to support water routing simulation 
including DEMs <http://mcmcweb.er.usgs.gov/status/dem_stat.html>, stream shape files, and 
precipitation data (SCAS and OCS 2002) are readily available through the internet for nearly all 
of the United States. 

 
In UPTraM, the contaminant concentration in water leaving the contaminated area is the 
saturation concentration for soluble contaminants.  Coliform concentrations leaving 
contaminated areas are the high, medium, or low (e.g., 109, 106, 103/100 mL) export 
concentration for a given land use that is selected by the user.  The contaminants that move with 
surface water may be subject to reduction due to various processes, such as die off (in the case of 
coliforms) or volatilization (in the case of chemical spills).  We have incorporated the capability 
to model first order decay in UPTraM to represent these processes. 
 
A concentration limited accumulation function is then used to evaluate the contaminant 
concentration downslope from the source.  Flow is written 
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q(x,y)=a[rs]....................................................................................(1) 
 

Over the substance supply area, concentration is at the threshold Csol.  
If i(x, y) = 1  

C(x,y) = Csol ..................................................................................(2) 
L(x,y) = Csol q(x,y)  
 

Where L(x,y) denotes the load being carried by the flow (per unit width).  At remaining locations 
the load is determined by accumulation of this Load L with decay  
 

L(x,y) = ∑
neighborsngcontributik

kkkkk )y,x(L)y,x(dp .......................................(3) 

Concentration is determined by 
 

C(x,y) = L(x,y)/q(x,y) ...................................................................(4) 
 

The denominator in (4) includes the base flow for stream locations, but includes only surface 
flow for off-stream locations. 
 

The Ground Water Transport Model 
 
Ground water is the source of water for most drinking water systems in the western United States 
so having a ground water model available in the assessment tool is important.  The ground water-
modeling component consists of a ground water quantity model and a ground water quality 
model.  The ground water quantity model may be used to simulate ground water movement in an 
aquifer.  The ground water quality model requires the output of the ground water quantity model.  
The ground water quality model simulates pollutant movement in the ground water system.  
Output from the quality model is provided in a GIS data format. 
 
Figure 3 shows the major components of the ground water modeling part of the source water 
assessment tool.  The ground water quantity-modeling component is MODFLOW-96 and the 
pollutant transport component MT3D.  The US Geological Survey developed MODFLOW and 
MT3D.  These models are public domain software, and are widely accepted in ground water 
hydrology and engineering practice.  MODFLOW is a modular, three dimensional, finite 
difference model that is used to generate a flow field that is then used with the ground water 
transport model MT3D.  The major inputs required for running MODFLOW are: 
 
• Model grid size and aquifer’s thickness 
• Model area soil hydraulic conductivity 
• Recharge to aquifers (area and point source) 
• Ground water boundary conditions 
• Rivers stages and river cell location (when the river package is used) 
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Figure 3. Schematic structure of the ground water modeling component 
 
 
The major outputs from MODFLOW are the predicted ground water elevation or head for each 
grid cell in the model along with a water budget (mass balance) for each grid cell.  These two 
outputs can be used as inputs to run MT3D.  MT3D takes into account the affect of advection, 
diffusion, dispersion, reaction and retardation on pollutant transport.  The major input data to 
MT3D are: 
 
• Ground water head and water mass budget generated by MODFLOW 
• Model grid size and aquifers thickness 
• Effective soil porosity at each model cell 
• Advection numerical solver parameters 
• Soil dispersion and diffusion effect parameter (longitudinal dispersivity, horizontal/ 

transverse dispersivity, vertical dispersivity and diffusion coefficient) 
• Pollutant loading source location, type and rate 
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The MODFLOW data input form is shown in Figure 4.  Inputs such as contaminant loading rates 
and pollutant chemical properties are stored in the input interface and may be entered into MT3D 
from there.  Input files for MODFLOW are generated automatically through the GUI. 
 
Assumptions made to reduce the amount of data required for running the groundwater model are: 
steady state flow; a single layered, unconfined aquifer; major surface water bodies interact with 
the ground water; all model cells derive equal or uniform recharge which is equal to some 
proportion of annual average precipitation; values of hydraulic conductivity are based on values 
in the professional literature; and the depth to bedrock or other aquitard is known to the user. 
 
Boundary conditions describe how the system being modeled interacts with the world.  External 
boundary conditions define the perimeter of the model domain within which the differential 
equations are solved.  In the assessment tool, head-dependant and flux-dependant, external 
boundary conditions are used.  A mask file stores the physical and hydrologic boundary 
conditions.  The tool provides a “polycharacterization” module that allows the user to establish 
 
 

 
 

Figure 4. MODFLOW data input form. 
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the physical boundaries of the modeling domain using multiple mouse clicks on a map displayed 
in the GUI.  Constant head boundaries include areas beneath perennial streams, lakes and 
reservoirs.  No-flow boundaries include rock formations, clay layers, and all of the cells outside 
the modeling domain boundaries.  The flux of water into the modeling domain is accounted for 
by accumulating the flow on the boundary cells through virtual injection wells on those cells.  
Ground water flow is assumed to be some fraction of the surface runoff.  Surface runoff is 
calculated using the TauDEM D8 method (Tarboton 2000).  A “make grid” function will 
generate the boundary condition mask file or an externally generated mask file can be imported. 
 
The MODFLOW river package is used to model the effect of streams on ground water 
hydrology.  When the ground water table is above the bottom of the stream, the stream will gain 
water and contaminants from ground water.  When the water table is below the bottom of the 
stream water will be lost.  Only streams with perennial flow were considered during model 
development.  Stream bed conductance was estimated by assuming the same hydraulic 
conductivity for the bed as the soil surrounding the stream.  The thickness of the stream bed must 
also be estimated. 
 
The MODFLOW well package is used to simulate the effects of real, ground water withdrawl 
wells and imaginary boundary wells.  The locations and pumping rate data for actual wells need 
to be obtained.  State water resources management agencies often compile these kinds of data.  
The GUI for the tool provides a wizard to help incorporate well data into the model. 
 
Recharge is estimated as a fraction of the annual average precipitation.  The fraction is the same 
as the baseflow fraction.  Baseflow is estimated using hydrograph separation and the baseflow 
coefficient is used to multiply the precipitation grid to get the recharge grid. 
 
MODFLOW calibration is accomplished by inverse modeling, i.e., obtaining the most suitable 
values for the input parameters to match the simulated outputs with field observations.  
Obviously, more than one combination of parameters will give the same output (Beven and Freer 
2001).  A calibration aid is provided in the user interface (Figure 5).  A shapefile of observed 
groundwater elevation can be imported in the calibration interface and can be compared with the 
estimated groundwater elevation.  Corresponding values of recharge and hydraulic conductivity 
are shown in a table.  By examining the difference between the observed and the estimated 
groundwater elevation, values of hydraulic conductivity and recharge can be altered using a grid 
editing tool.  For comparing the observed and simulated baseflow a utility to visualize baseflow 
at any point in the streams is provided in the tool.  Using this tool a river cell can be selected and 
a cumulative baseflow value at that point is given in a graphical format. 
 
MT3D is a three dimensional, block centered contaminant transport model developed by the 
USGS (Zheng and Wang 1999) and is widely used to simulate pollutant transport in ground 
water.  Only dissolved phase contaminant transport can be modeled using MT3D.  It has a 
modular structure and the contaminant transport can be modeled using various processes such as 
advection, dispersion, reaction and retardation.  Contaminant loading can be specified as mass 
loading rate or concentration at any source in the modeling area.  Mass balance equations are 
solved for each cell and a contaminant concentration is reported at the end of the stress period.  
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Figure 5. MODFLOW calibration aid form. 
 
 
The major data file needed by MT3D is the contaminant source.  Area sources (cropland, 
pasture) and point sources (septic tanks, leaking underground storage tanks) can be modeled.  
Area source location data can be generated from land use GIS data.  Land use GIS data should be 
converted to an ASCII grid file.  This is done manually using ArcInfo tools.  Point sources can 
be manually added into MT3D data file directly.  The user is required to provide all the loading 
rates and source types for all sources. 
 
Soil dispersivity values in 3 dimensions are needed.  These values are estimated based on soil 
type in the watershed area.  Initially, a single value may be used for an entire watershed. 
 

Groundwater Surface Water Interaction 
 
There is a constant interaction between the groundwater aquifer and surface water bodies. 
Perennial streams interact with groundwater by either gaining or losing water. A simplified 
depiction is given in Figure 6 where: 
 
Qt, = Total Discharge out of the cell 
Ct  = Concentration of contaminant coming out of the cell 
Qri = Surface runoff (flow) coming into the stream cell 
Cri = Contaminant concentration in surface runoff 
Qs = Flow in the stream 
Cs = Contaminant concentration in the stream 
Qbi = Baseflow coming into the stream cell 
Cbi = Contaminant concentration in the groundwater (Baseflow) 
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Figure 6. Groundwater surface water interactions. 
 

 
The baseflow coming into the river cell from the groundwater is obtained from a budget file.  If 
the value is positive, it means the stream cell is gaining water from the groundwater and if the 
value is negative it means the stream is losing water to the aquifer. The concentration Cb at the 
stream cell is obtained from the concentration grid produced by MT3D.  Only in the case where 
the stream is gaining water from the aquifer is considered.  Losing streams are not considered as 
the pollution in the aquifer caused by leaking streams is assumed to be insignificant.  The stream 
flow, Qs, and the surface runoff, Qr, can be obtained from the surface water quality model 
UPTraM.  For the case of groundwater polluting a stream, the concentration of contaminant in 
the stream and in surface runoff is set equal to zero.  A case when these concentrations are not 
zero can also be considered.  Considering mass balance we get 
 

Qt = Qs + Qri + Qbi.........................................................................(5) 
QtCt  = QsCs + Qri,Cri +QbiCb ........................................................(6) 

 
Equations 5 and 6 are solved to calculate the contaminant concentration in the stream resulting 
from surface runoff and groundwater discharge. 
 
The worst case scenario is assumed when there is no precipitation and hence no overland flow, 
i.e., the flow in the streams is contributed only by baseflow.  The mass flow rate into the streams 
due to the contaminated groundwater is given by QbCb.  Various river cells derive baseflow and 
hence contamination.  Mass of contaminants at any river cell is obtained by accumulating the 
mass loading into all the river cells that are upstream.  Figure 7 shows a tool to calculate the 
mass loading rate of contaminants into a stream cell. 
 

Conclusions 
 
The ease of obtaining GIS data combined with the development of a computational procedure for 
representing flow direction and calculating upslope areas using DEMs (Tarboton 1997) has 
opened the opportunity for simulating pollutant transport in watersheds in a new way.  This 
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approach is realistic, scientifically credible, and requires relatively little data.  Simplifying 
assumptions about chemical pollutant loading into storm water and pollutant fate processes 
allows the use of chemical property data from the literature to estimate contaminant 
concentrations at a point of extraction for drinking water for drinking water use.  Similarly, 
estimated coliform loading and die-away rates allow the estimation of coliform concentrations 
from possible sources in a watershed.  This approach facilitates delineation and ranking of zones 
of potential contamination based on the risk that possible contamination sources within those 
zones present to a drinking water treatment and distribution system.  The source water 
assessment planning tool helps managers to determine if other methods of analysis or additional 
system monitoring are needed to increase confidence in determining a possible contaminant 
source’s threat to source water quality. 

 

 

 
 

Figure 7. Mass loading rate into a river cell. 
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